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Introduction
A recent meta-analysis showed that interatrial septal abnormalities-patent foramen ovale (PFO) and atrial septal aneurysm (ASA)-are risk factors for ischaemic stroke (IS) in patients younger than 55 years (1) . PFO, with or without ASA, may cause right-to-left shunting of blood. Recently it was found that the prevalence of a cardial right-to-left shunt (RLS) in patients with migraine with aura (MA), another risk factor for IS in the young, was about 2.5 times higher compared with a group of patients without migraine (2, 3) and that this association between RLS and MA is independent of sex (4). This higher prevalence of RLS may, at least partly, explain the increased risk for IS in patients with MA, as first postulated by Ries et al. in 1996 (5) .
We systematically reviewed the available literature to quantify the strength of the relationship between RLS and migraine in patients with and without IS.
Methods
A Medline search (accessed through Pubmed, most recent search April 2005) was performed for the words (all fields) patent foramen ovale, PFO, cardiac abnormalities, right-to-left shunt, RLS, atrial septal aneurysm or atrial septal defect and migraine. Other papers of potential interest were sought from the reference lists of the retrieved papers. Only studies with quantitative data about the relationship RLS-migraine were included. There were no restrictions with respect to the design and quality of the studies. Unpublished data were not sought. We evaluated the strength of the association between RLS as the determinant (independent variable) and migraine as the outcome (dependent variable). Since RLS is a risk factor for IS, we stratified the results for patients with IS and patients without IS. Mantel-Haenszel odds ratios (OR MH ) with 95% confidence intervals (95% CI) of pooled data were calculated.
Results
The Medline search identified 76 papers. Crossreferencing did not result in additional papers. Of these, seven studies provided quantitative data concerning the relation between RLS and migraine. One of these studies (6) appeared to be an extension of an earlier study, so the data of this latest study were used (see also Table 1 ). The investigators of these reports studied the relationship between RLS and migraine in cross-sectional studies either by determining the prevalence of migraine in samples of patients with and without RLS (7, 8) or by determining the prevalence of RLS in patients with and without migraine (2, 3, 6, 9, 10) .
Patients without IS
In a consecutive unselected cohort of migraine patients a prevalence of RLS of 48% (54/113) was found in patients with MA compared with 23% (12/ 53) in patients with migraine without aura (MoA) and 20% (5/25) (10) . These three studies consistently show that, in patients without IS, MA was more prevalent (OR MH 3.5; 95% CI 2.1, 5.8) in patients with RLS than in those without RLS (Table 1) .
Patients with IS
Using data from a prospective stroke registry to determine the characteristics of acute IS in patients with active migraine, it was shown that patients with first-ever IS and migraine (with and without aura) had a RLS almost twice as often as patients with firstever IS without migraine: 18.5% (24/130) compared with 10.1% (121/1195) (9) . In 581 patients (18-55 years) with a cryptogenic stroke, 27.3% of the patients with a PFO had migraine (with and without aura) compared with 14.0% of the patients without a PFO (7) . In a series of 74 consecutive patients presenting with an acute stroke of undetermined origin, PFO was found in 44 of 74 patients, of whom 36% (16/44) had MA, compared with 13% (4/30) of the patients without PFO (8). This difference was not observed for MoA. The combined results of these three studies show that in patients with IS, migraine (with and without aura) was twice as prevalent (OR MH 2.1; 95% CI 1.6, 2.9) in patients with RLS as in patients without RLS ( Table 2 ).
Discussion
Among patients with RLS, MA is clearly more prevalent than among persons without RLS. The prevalence of RLS found in the control groups without migraine is comparable to the prevalence of PFO in the general population, i.e. about 25% (11) .
Several limitations of our analysis should be mentioned. First, the applied diagnostic procedures and diagnostic criteria for PFO, ASA or RLS were not the same in all studies, which may explain the differences between studies in the reported prevalence of RLS. Transcranial Doppler sonography with contrast medium (cTCD) (2, 3, 6, 10), transoesophageal echocardiography (TEE) with contrast medium (gold standard) (7) , transthoracic echocardiogram (TTE) with contrast medium or a combination of these techniques (8, 9) were used to diagnose cardiac abnormalities. Although this may have influenced the absolute prevalence of interatrial septal abnormalities found in each individual study, this does not influence the relative risk estimates (OR), as within each study there were no diagnostic differences between the various groups of patients that were compared. Bias towards a positive finding of migraine was unlikely since, in both studies which determined the prevalence of migraine (outcome) in patients with and without RLS, a blinding procedure (7) or independent observers (8) were used to establish the diagnosis. Although migraine was diagnosed according to the criteria of the International Headache Society in all studies, misclassification with respect to migraine cannot be ruled out.
Besides, in two of the three studies with IS patients no distinction was made between MA and MoA (7, 9) . This might explain the lower odds ratio for the relationship between RLS and migraine found in IS patients, since up to now no relationship between RLS and MoA has been established (3, 8, 10, 12) . Second, we did not put restrictions on the design and quality criteria of the studies, since there were only a few studies with quantitative data. Third, the studies included in our analysis were relatively small and were all non-randomized. Within both subgroups, the odds ratios of the individual studies were, however, remarkably consistent. Fourth, given the observational design of the included studies and the fact that it was not possible to take into account the presence of thromboembolic risk factors in our analysis, we can not eliminate confounding and therefore could not state that the found association is causal in nature. However, in five of six studies the age, a major confounder, of the cases were comparable to the ages of control subjects (2, 6, (8) (9) (10) . Furthermore, the study of Lamy et al. showed that patients with PFO were less likely to have traditional risk factors of stroke than patients without PFO (7) . This means that in case the prevalence of migraine was higher in patients with these risk factors, the found association between RLS and migraine would be even stronger. Finally, we sought only published data, which due to publication bias may have overestimated our results. Despite these limitations, we believe that an association between RLS and MA does exist. Further evidence that substantiates the relationship between RLS and migraine is found in three patient groups. First, in patients with cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), Angeli et al. found a prevalence of RLS of 80% (4/5) (6). All patients with CADASIL and migraine (4/4) showed RLS. However, this concerns a report of only one Italian family and needs confirmation.
Second, in a group of divers with decompression illness, MA in daily life unconnected with diving was found in 47.5% of divers with a large RLS at rest and 13.8% of divers with no shunt (12) . The prevalence of MoA was the same in both groups. In divers with RLS, decompression illness is probably caused by paradoxical gas embolism (13) .
Finally, though all based on uncontrolled studies, the observation of improvement or even disappearance of migraine after closure of the PFO supports the association between RLS and migraine (Table 3 ) (8, (14) (15) (16) (17) (18) (19) (20) . Based on their design, these studies have several limitations which have to be mentioned. First of all, there can be a clear placebo effect in migraine treatment. However, in two studies patients were unaware of a potential benefit of the intervention on migraine outcome (15, 18) . Furthermore, the study of Schwerzmann et al. showed no reduction of nonmigrainous headaches (15) . Although a placebo effect cannot be excluded, it is unlikely to have produced such consistent results. Second, all data on headache frequency before the closure procedure were retrospective, which can introduce recall bias. Finally, most of the patients received antiplatelet therapy after the closure procedure for a period of 6 months. However, the mean follow-up time of these patients was ≥12 months and sustained migraine relief was observed after antiplatelet therapy was discontinued. Additionally, it has to be mentioned that new-onset migraine has also occurred in patients (immediately) after closure of a PFO or an atrial septal defect (18, (20) (21) (22) .
The underlying mechanism of the possible relation between RLS and migraine remains speculative. Wilmshurst et al. (18) postulated that RLS allows trigger substances in the venous circulation such as vasoactive chemicals and microemboli to bypass the pulmonary filter and reach the brain, inducing a migraine attack. Interestingly, paradoxical emboli seem to have a particular propensity for the posterior circulation (23), the area in which hypoperfusion occurs during the aura phase. It has also been mentioned that emboli may be formed within the atrial septal defect itself (24) . Finally, it has been suggested that a particular genetic substrate might determine both atrial septal abnormalities and migraine (2, 7). Wilmshurst et al. showed that there is dominant inheritance of atrial shunts, which is linked to inheritance of MA in some families (25) .
The question whether the risk of migraine varies with the degree of shunting is controversial. Such a relationship was found in persons with decompression illness (12), though was not observed in patients with a cryptogenic stroke; MA was found in 22.2%, 29.2%, and 28.1% of patients with small (three to nine microbubbles), moderate (10-30 microbubbles) and large (>30 microbubbles) shunts, respectively (7) . What does this all mean for the various relationships between RLS, MA and IS that have been reported in the literature (Fig. 1) ? The studies that have shown that MA is a risk factor for IS (arrow 3) did not take the presence of RLS as a potential confounder into account. This means that RLS may explain at least a part of the increased ischaemic risk in patients with MA. In those patients arrow 3 can be replaced by the hypothesis that RLS may lead to subtle emboli entering the central circulation (arrow 1) and subsequently may trigger a migraine attack, especially MA (arrow 4), and arrow 2 will be crossed out.
In conclusion, the current evidence indicates that there is an association between RLS and MA. However, the mechanism, as well as the question whether this association is also causal in nature, have to be further elucidated. This knowledge may shed new light on the pathogenesis of migraine in special cases, possibly with new therapeutic options in the distant future. Figure 1 Relationships between right-to-left shunt (RLS), ischaemic stroke (IS) and migraine with aura (MA) as reported in the literature. 1. Interatrial septal abnormalities are potential risk factors for stroke in patients younger than 55 years (1). 2. Patients with RLS have a higher risk for having MA compared with normal controls (3, 6, 8, 10) . The observation of improvement or even disappearance of migraine after closure of the RLS supports this relationship (8, (14) (15) (16) (17) (18) (19) (20) . Wilmshurst et al. showed that there is dominant inheritance of atrial shunts, which is linked to inheritance of MA in some families (25) . 3. MA is a risk factor for getting an ischaemic stroke (26) . 4. Ischaemic events, for example caused by paradoxical embolization, might be a trigger for cortical spreading depression causing migrainous aura (18) .
